are challenging as their distinct arrays and orientations vary among muscle types, during development, and with disease (Saitoh et al., 1988; Gundersen et al., 1989; Kano et al., 1991; Boudriau et al., 1993; Webster, 1997; Belmadani et al., 2002) .
In striated muscle, intermediate filament proteins (including desmin, vimentin, nestin, paranemin, synemin and cytokeratins) have various subcellular localizations, including at the Z-line region, costameres, intercalated discs and myotendinous junctions. Therefore, they may link myofibrils to the sarcolemma, organelles and neighboring myocytes (Granger and Lazarides, 1979; Holtzer et al., 1985; Milner et al., 2000; O'Neill et al., 2002 ) (see Clark et al., 2002 for review) . In particular, intermediate filaments are thought to be involved in maintaining muscle stability as desmin-null mice exhibit a reduction of myofibril alignment, significant muscle degeneration and necrosis, and impaired force transmission (Milner et al., 1996; Li et al., 1997; Milner et al., 1999; Balogh et al., 2002) . Exactly how the intermediate filaments assemble during development is not understood, although some require a specific subpopulation of microtubules -detyrosinated microtubules (Glu-MTs) -for their localization and integrity in some cell types (Gurland and Gundersen, 1995; Kreitzer et al., 1999) .
Recently, a novel family of muscle RING finger (MURF) proteins was identified whose members associate with myofibrils and/or microtubules. Structurally, the three known MURFs (MURF-1, -2, and -3; also known as RNF 28, 29, and 30) are members of the RING finger-B box-coiledcoiled (RBCC) family, a group of proteins implicated in ubiquitination and signal transduction (Spencer et al., 2000; Centner et al., 2001) . All MURF members homo-and heterooligomerize, apparently via their coiled coil domains, although the functional implications of this are not known (Centner et al., 2001) . MURF-1 is a titin-binding protein, specifically interacting with the C-terminal immunoglobulin (Ig) domains, A168-A170, adjacent to the titin kinase domain (Centner et al., 2001) . MURF-1 also binds small ubiquitinrelated modifier-3 (SUMO-3/SMT3b) and the transcription factor, glucocorticoid modulatory element binding protein-1 (GMEB-1) (Dai and Liew, 2001; McElhinny et al., 2002) . MURF-1 is important for maintaining the integrity of the Mline region in titin and thick filaments in cardiac myocytes . Furthermore, conditional expression of truncated titin missing the kinase domain and the MURF-1-binding region results in sarcomeric disassembly and muscle weakness in mice (Gotthardt et al., 2003) , and the skeletal muscles of MURF-1 null mice are more resistant to atrophy (Bodine et al., 2001) . Taken together, these data suggest that MURF-1 participates in the regulation of myofibril maintenance and turnover; exactly how the binding partners of MURF-1 and their emerging potential pathways (i.e. ubiquitination, sumoylation, steroid-regulation) are involved in these processes remains unknown.
MURF-3 is developmentally up-regulated and its ectopic expression in COS cells stabilizes microtubules. Ablation of its expression in C2C12 skeletal muscle cells inhibits the accumulation of detyrosinated microtubules and blocks myogenic events (Spencer et al., 2000) . MURF-3 therefore may play a role in establishing or maintaining the stable microtubule array known to be required for muscle differentiation (Gundersen et al., 1989; Chang et al., 2002 ).
Finally, MURF-2 mRNA transcripts are down-regulated during development, and based on its in vitro hetero-oligomerization with MURF-1 (Centner et al., 2001 ) and its transient localization patterns in skeletal myogenic cell lines (Pizon et al., 2002) , it is proposed to act as an adaptor between microtubules, myosin, and titin during myofibrillogenesis. However, studies examining the function of MURF-2 in striated muscle are lacking.
Here, we aimed to investigate the functional properties of MURF-2 using two complementary model systems. First, primary cultures of embryonic chick cardiac myocytes have proven to be a powerful tool for investigating the functional properties and interactions of many cytoskeletal proteins in the context of living cells. However, as the cells are harvested from embryonic hearts that are already beating, this system is not ideal for deciphering specific events involved in muscle differentiation. Hence, we also investigated the localization and functional roles of MURF-2 in primary cultures of embryonic chick skeletal myocytes, where presumptive myoblasts withdraw from the cell cycle, fuse, undergo de novo myofibrillogenesis, and differentiate into mature myotubes (see Gregorio and Antin, 2000) . We found that knock-down of MURF-2 mRNA and protein levels in cardiac myocytes specifically disrupted the integrity of the stable microtubule populations (Glu-MTs and Ac-MTs), the intermediate filament proteins desmin and vimentin, and the M-line region of the sarcomere (including myomesin and the C-terminal region of titin). Knock-down of MURF-2 levels in chick embryonic skeletal myoblasts also delayed fusion events and myofibrillogenesis. The observed perturbations were rescued upon co-transfection with human MURF-2-GFP constructs in both cell types. Our data indicate that MURF-2 has many subcellular localizations and has multiple roles in cardiac and skeletal myocytes; its proper expression is important for dynamic intermediate filament, microtubule and M-line based protein assembly.
Materials and Methods
Anti-MURF-2 antibodies and western blots To investigate MURF-2 protein expression, affinity-purified rabbit polyclonal antibodies were generated against the KHL-coupled synthetic peptide derived from the extreme 17 C-terminal amino acid residues of mouse MURF-2 (NH2-CPARHVFSFSWLNSLNE-COOH) and also against a recombinant fragment encompassing an internal, 83-residue fragment of mouse MURF-2 (Biogenes, Berlin). For details on expression methods in E. coli, see www.titin.org.
Western blots of striated muscle lysates were probed with the anti-MURF-2 antibodies essentially as described . For antibody characterization, rat heart lysate (snap-frozen tissue from fetal or adult hearts) was ground into a fine powder in liquid nitrogen using a mortar and pestle, and solubilized with 2× SDS sample buffer. Chick skeletal and cardiac myocyte cultures and skeletal myoblasts were directly solubilized in 2× SDS sample buffer. The lysates were fractionated by either 8% or 10% SDS-PAGE and transferred to nitrocellulose membranes. Nitrocellulose strips were stained with Ponceau S and strips containing equal amounts of actin were compared by western blotting. For detection of MURF-2 in antisense-treated cells, cardiac myocytes were solubilized 48 hours after antisense treatment with 9.2 M urea, and protein assays were performed to ensure equal loading (BCA Protein Assay kit, Pierce). The lysates were mixed with 2× SDS sample buffer for SDS-PAGE, transferred to nitrocellulose, and probed with the anti-Roles of MURF-2 in striated muscle MURF-2 antibodies. Additionally, separate experiments were performed using 2× SDS sample buffer for solubilization of the cell culture lysates, as described above, and identical results were obtained. Notably, although a significant decrease in MURF-2 levels was consistently detected using NIH image, no significant change was observed for α-actinin (data not shown). Around 1 µg/ml of the anti-MURF-2 antibodies were used to probe the membranes for one hour at 4°C, followed by HRP-conjugated goat anti-rabbit IgG, for 1 hour at 4°C (1:25,000: Jackson ImmunoResearch Laboratories). The membranes were then incubated in SuperSignal chemiluminescent substrate (Pierce Chemical Co.) according to manufacturer's instructions and exposed to Biomax MR film (Eastman Kodak Co.).
Cell culture, transfection, and antisense oligonucleotide treatment Cardiac myocytes were isolated from fetal rat and day-6 embryonic chick hearts and maintained as described (Gustafson et al., 1987; Gregorio and Fowler, 1995) . Isolated cells were plated in 35-mm tissue culture dishes for RT-PCR analysis, or in dishes containing 12-mm diameter coverslips for immunofluorescence staining (~10 6 cells/dish). 15-20% of the cells in our primary cultures were fibroblasts. For MURF-2 antisense oligonucleotide treatment, the cardiac myocytes were not treated until day 3 to decrease toxicity. 10 µg of control or antisense oligonucleotide were added to 7 µl of Cytofectene (Biorad) and the DNA-lipid complex was incubated in 200 µl OptiMEM for 15 minutes at 37°C. Our transfection efficiency was >80% and over 20 cultures were analyzed. For cultures of chick cardiac myocytes, four 16-mer antisense oligonucleotides were designed using MURF-2 EST sequences from the BBSRC ChickEST Database (Boardman et al., 2002) , three of which significantly knocked down MURF-2 levels: 5′-GCATAACCTGTGCAGG-3′ (B), 5′-GCAGACGACAGAAGGA-3′ (C), and 5′-GGTGCCACAAAA-GACT-3′ (D). For control oligonucleotides, reverse (but not complementary) sequences to the antisense oligonucleotides were used. We also designed four antisense oligonucleotides to the human MURF-2 cDNA sequence for use in rat myocytes, which yielded identical results as in chick myocytes (data not shown): 5′-GCACAACCTGTGTAGG-3′ (B), 5′-GCTACTTCTCAGATTG-3′ (C), 5′-CTCGCCATATCTTCTC-3′ (D). For expression of human GFP-MURF-2 fusion proteins in rescue experiments, full-length p60 MURF-2 cDNA was amplified by PCR with an 180S/1520R primer pair (see www.titin.org). The 1.6-kb inserts were cloned into pEGFP-C1, and 4 µg were co-transformed into myocytes with the chick MURF-2 antisense oligonucleotides.
For skeletal myotube cultures, myoblasts were isolated from day-11 chick embryo pectoralis muscle with modifications to previously described protocols (Almenar-Queralt et al., 1999; Ojima et al., 1999) . In brief, muscle was dissected from 3-4 embryos and minced in ice-cold PBS. The minced tissue was suspended in 10 ml trypsin/EDTA (Life Technologies) and incubated for 10-15 minutes at 37°C, with intermittent pipetting to create a cell suspension. After centrifugation, the pellets were resuspended in growth medium: MEM with 15% chick embryo extract, 10% horse serum, 3 mM Lglutamine, and penicillin/streptomycin and filtered through cell strainers. The cells were incubated at 37°C for 1 hour on 100-mm tissue culture dishes to enrich for myoblasts. The collected cells were plated in growth medium at 4×10 5 cells/35-mm culture dish, containing 12-mm diameter coverslips coated with rat tail collagen (Sigma). Cells were transfected with antisense or control oligonucleotides during the pre-plating stage, using the conditions described above. By day 3 in culture, the cells were treated with 1-[beta-D-arabinofuranosyl]-cytosine (ara-C) (1 µg/ml) in differentiation medium: MEM containing 2.5% chick embryo extract, 10% horse serum, 3 mM L-glutamine and penicillin/ streptomycin. Cells were fed every other day for a total culture period of 5-6 days. Myotubes were fixed in methanol at -20°C for 10 minutes.
RT-PCR analysis of MURF-2 mRNA transcripts For amplification of MURF-2 mRNA transcripts, cultures were harvested for total RNA immediately after treatment with oligonucleotides, using a RNeasy Mini kit (Qiagen). cDNA was prepared from 20 µl of total RNA using the Super ScriptII Reverse Transcriptase (Invitrogen), and the cDNA concentration was determined using an Eppendorf Biophotometer. 100 ng of template were used per PCR reaction. Chick MURF-2 and MURF-3 primers were used for amplification in 25 µl reactions using Qiagen PCR kits: S: 5′-GGCTACAAGTCCTTCTCCAAAGAGC-3′ and R: 5′-CGTTTGTGAGAGGAGCAACCTGAC-3′ for MURF-2 (475-bp product); and S: 5′-CCAACCCGCTGTGGCAGTCGCG-3′ and R: 5′-CGCTCTTTTGGCGCTGGTACACGG-3′ for MURF-3 (348-bp product). Chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH) also was amplified as a loading control: S: 5′-GGCACTGTCAAGGCTGAAAACG-3′ and R: 5′-GGAGATGA-GATGATACCACGCTTAG-3′ (202-bp product). All PCR products were sequenced for verification.
Indirect immunofluorescence microscopy
Cells were stained essentially as described previously (Gregorio et al., 1998) . Myocytes were fixed in methanol at -20°C for 10 minutes, washed in PBS, and incubated in 2% BSA, 1% normal donkey serum/PBS for 30-45 minutes to minimize nonspecific binding of antibodies. Cells were incubated with affinity-purified anti-MURF-2 antibodies (~10 µg/ml), followed by Texas Red-conjugated goat antirabbit IgG (1:600). Anti-tubulin antibodies included: anti-α-tubulin clone DM1A (at 1:500), anti-Tyr tubulin clone TUB-1A2 (at 1:1000), and anti-acetylated-tubulin clone 6-11B-1 (at 1:2000) antibodies (Sigma-Aldrich). Anti-Glu-tubulin polyclonal antibodies (SG) were a generous gift of J. Chlöe Bulinski (Columbia University, New York). For intermediate filament proteins, monoclonal anti-desmin clone D3 (1:2 of culture supernatant) (Developmental Studies Hybridoma Bank, University of Iowa), monoclonal anti-desmin clone DE-U-10 (1:200; Sigma-Aldrich), pre-diluted polyclonal anti-desmin (Biomeda), anti-vimentin clone VIM-13.2 (at 1:200) (SigmaAldrich), and anti-vimentin clone V9 (1:1000; Sigma-Aldrich) antibodies were used. Well characterized antibodies to sarcomeric components included: anti-myosin F59 (1:20 of culture supernatant) (generously provided by F. Stockdale, Stanford University, Stanford, CA), rabbit anti-titin A168-170 (at 1:200) (Centner et al., 2001) , titin AB5 (1:3 of culture supernatant) (generously provided by J. Trinick, University of Leeds, U.K.), and monoclonal anti-myomesin B4 antibodies (1:50 of culture supernatant) (generously provided by J.-C. Perriard and E. Ehler, Swiss Federal Institute of Technology, Zurich, Switzerland) (Grove et al., 1984) . For secondary antibodies, goat anti-mouse 488 (1:1000), goat anti-mouse Texas Red (1:600) or donkey anti-rabbit Texas Red (1:600) antibodies were used. All secondary antibodies were purchased from Jackson ImmunoResearch Laboratories and Molecular Probes. Phalloidin-350 (Molecular Probes) was used in triple-staining experiments in cardiac myocytes fixed in 2% paraformaldehyde/PBS for 15 minutes at room temperature. To label nuclei, cells were incubated in a DAPI stain (5 µg/ml, Sigma-Aldrich) for 10 minutes before the final washing steps. Coverslips were mounted on slides using Aqua Poly/Mount (Polysciences, Inc.) and subsequently analyzed on a Zeiss Axiovert microscope using a ×63 or ×100 objective, and micrographs collected as digital images on a SenSys cooled HCCD (Photometrics). Imaging of MURF-2 localization in mature myotubes was performed using a DeltaVision Deconvolution Model D-OL Olympus microscope with a ×100 objective using a Photometrics Series 300 CCD camera (Applied Precision). Images were processed for presentation using Photoshop 7.0 (Adobe) and statistical analyses were performed using Excel (Microsoft).
Results
Two developmentally regulated MURF-2 species are detected in muscle MURF-2 mRNA studies revealed up to four potential isoforms generated by differential splicing events within the 3′-region of the gene: p60, p50 (Centner et al., 2001 ), p27 and p60B MURF-2 isoforms, the latter of which corresponds to an alternative C-terminus generated by translation of alternative frames in the terminal exon (Pizon et al., 2002) . To investigate the expression of MURF-2 isoforms at the protein level further, polyclonal antibodies were generated against the acidic domain that is included in the predicted p60, p50, and p60B MURF-2 isoforms, and also the final 17 C-terminal residues, shared by p60, p50 and p27 (see Fig. 1A for schematic of MURF-2). Western blot analysis of rat heart muscle lysates using both affinity purified anti-peptide and anti-recombinant C-terminal MURF-2 antibodies detected two bands migrating at ~55 kDa and ~60 kDa, probably corresponding to the p50 and p60 MURF-2 isoforms (Fig.  1B) . In adult rat muscle lysates, both bands were detected at longer exposures, although one broad band was consistently detected in fetal heart with short exposures (Fig. 1B , lanes 1 and 2). This broad band may correspond to high expression levels of the p50 and p60 MURF-2 isoforms in fetal heart, alternative fetal MURF-2 isoforms, and/or developmental differences in post-translational modifications. In primary cultures of chick cardiac and skeletal myocytes, we detected both bands throughout the culture period ( Fig. 1B lane 3 for cardiac myocytes, lane 4 for myoblasts, lane 5 for myotubes at day 3 in culture). Thus, our western blot data are consistent with the co-expression of p50 and p60 MURF-2 isoforms, whereas an immunoreactive band corresponding to the p27 isoform was not detected in any of the muscle tissues or cell cultures investigated here. It remains to be determined whether the potential p60B protein is also co-expressed. In conclusion, p50 and p60 MURF-2 isoforms are expressed in both skeletal and heart muscle throughout development, but are down-regulated in adult muscle.
Journal of Cell Science 117 (15) (A) MURF-2 contains a RING-finger domain (green), the MURF family conserved region (red), a B-box domain (yellow), two coiled-coil domains (blue), and an acidic tail (orange). Previous mRNA studies predicted four potential MURF-2 isoforms generated by differential splicing events within the 3′-region: p60 (full-length, lower schematic), p50 (upper schematic), a p27 isoform (missing the N-terminal region; not shown) and p60B (containing an alternate C-terminus generated by translation of alternative frames in the terminal exon; not shown). Two different antibodies were generated against the C-terminal region of mouse MURF-2. Antibodies against a synthetic peptide (the extreme 17 Cterminal residues) are predicted to recognize the full-length p60 MURF-2, as well as the p50 and p27 forms. Antibodies also were generated against an internal 83-residue, recombinant fragment containing the acidic tail domain (residues 278-365) shared by the p60, the p50, and the potential p60B splice forms. For further description of the potential p27 and p60B isoforms (see Pizon et al., 2002) . Positions corresponding to the antisense oligonucleotides (B, C, and D) for chick MURF-2 also are indicated. (B) Anti-C-terminal MURF-2 antibodies recognize a broad band (55-60 kDa) in fetal rat heart lysates (lane 1) and two distinct bands (~55 and ~60 kDa) in adult rat heart lysates (lane 2), in primary cultures of embryonic chick cardiac myocytes (lane 3), and in primary cultures of chick skeletal myocytes (lane 4: myoblasts; lane 5: myotubes at day 3 of culture). (C) Immunofluorescence staining revealed that MURF-2 is detected diffusely in the cytoplasm, and at the M-line region of a portion of myofibrils (a: MURF-2, red; b: α-actinin, green; merged inset in b; double arrows point to striations). In the same culture, MURF-2 also was detected in a discontinuous, spotted pattern along a portion of microtubules in many chick cardiac myocytes (c: MURF-2, red; d: α-tubulin, green; merged inset in d; arrow points to tubulin staining). MURF-2 was not detected in fibroblasts (data not shown). Bar, 10 µm.
MURF-2 colocalizes with a portion of microtubules and the sarcomeric M-line region in cardiac myocytes
To determine the subcellular localization of MURF-2 in cardiac myocytes, we performed immunofluorescence staining and found that in all fetal rat and embryonic chick myocytes, MURF-2 was mainly observed in a diffuse pattern in the cytoplasm at varying intensities (Fig. 1C,a,c ; data shown for chick). In addition, in around 50% of cardiomyocytes, MURF-2 was detected at the M-line region in some (20-30%) mature myofibrils (Fig. 1C,a,b) : this region contains the titin binding site for MURF-1 (Centner et al., 2001; McElhinny et al., 2002) . Additionally, MURF-2 colocalized in a spotted, discontinuous pattern along a portion of microtubules labeled with anti-α-tubulin antibodies in many (~70%) cardiac myocytes (Fig.  1C,c,d ). These data are consistent with previous reports of both MURF-2 and MURF-3 associated with distinct populations of stable microtubules (Glu-MTs) in skeletal myocytes (Spencer et al., 2000; Pizon et al., 2002) . It should also be noted that in around 10% of cardiac myocytes, MURF-2 was detected in rod, filamentous and 'squiggle'-like patterns of varying sizes, which did not colocalize with staining for any cytoskeletal components tested (data not shown). The significance of these patterns remains unclear. In addition, staining with either of our anti-MURF-2 antibodies (see above) yielded the same localization patterns. MURF-2 therefore exhibits multiple localizations in cardiac myocytes.
Knock-down of MURF-2 mRNA and protein levels disrupts stable microtubule populations To gain insight into the function of MURF-2, we designed four different 16-mer antisense oligonucleotides to chicken MURF-2 expressed sequence tags (ESTs) and transfected them separately, and as a cocktail, into cultures of embryonic chick cardiomyocytes (see Fig. 1A ). The cocktail, as well as three independent oligonucleotides, dramatically decreased levels of endogenous MURF-2 in a dose-dependent manner. (Less than 6 µg of total antisense oligonucleotide did not cause a significant knock-down of MURF-2 in the majority of myocytes, while greater than 12 µg was toxic. However, 10 µg resulted in significant MURF-2 knock-down without observable cellular toxicity, and this amount was used for all experiments.) The same phenotype was observed in fetal rat cardiac myocytes using three out of four oligonucleotides designed against the human MURF-2 sequences, and in chick myocytes using SiRNA oligos to the chick MURF-2 EST sequences (data not shown). Specifically, RT-PCR studies determined that MURF-2 mRNA transcript levels decreased in cultures treated with MURF-2 antisense oligonucleotides, but were unaffected in cells treated with control oligonucleotides (Fig. 2A, lanes 1, 2) . GAPDH and MURF-3 levels appeared to be unchanged in antisense MURF-2 treated cultures, compared to controls ( Fig. 2A, lanes 3-6) . At the protein level, it is difficult to perform quantitative western blot analyses in antisense-treated primary cultures of myocytes for several reasons, including differences in the number of contaminating fibroblasts (which do not express MURF-2), which varies even among dishes from the same cultures (ranging from a total of 10-20%). However, by western blot analysis, we determined that both the levels of the 60 kDa and 55 kDa MURF-2 were consistently decreased by >50-70% in primary cultures of antisense-treated myocytes compared to controls within 48 hours after treatment (Fig. 2B) . To confirm these observations on an individual cell basis, immunofluorescent staining for MURF-2 was performed, revealing that its intensity was diminished in more than 80% of cardiac myocytes within 24 hours of antisense treatment (data not shown), and barely detectable within 48 hours (Fig.  3A,f) . MURF-2 levels began to return to pre-transfection levels within 72-96 hours (data not shown). In contrast, MURF-2 staining levels appeared unchanged in myocytes treated with control oligonucleotides at all timepoints (Fig.  3A,a and data not shown) . Our results demonstrate that MURF-2 mRNA and protein levels were significantly reduced after antisense oligonucleotide treatment.
To examine the effects of MURF-2 knock-down on the cytoskeletal arrays with which it associates, we performed immunofluorescence studies to examine cardiac myocytes at the cellular level. Initially, co-staining antisense-treated myocytes with various antibodies that label microtubule populations yielded a striking phenotype. In more than 70% of MURF-2 antisense-treated myocytes, staining for α-tubulin (a marker for all microtubules) appeared less complex compared to control myocytes. Specifically, control myocytes contained 6) and MURF-3 (lanes 3, 4) mRNA transcript levels were unchanged. (B) Lysates of cardiac myocytes treated with control (C) or antisense (A) oligonucleotides were harvested 48 hours after treatment, protein assays were performed to ensure equal loading for SDS-PAGE, and transferred to nitrocellulose membranes. The strips were probed with anti-MURF-2 antibodies, revealing that both the 60 kDa and 55 kDa isoforms were significantly decreased in intensity (>50%) at the protein level in the antisense-treated lysates compared to control myocytes. microtubules in dense, complex web-like radial arrays or thick, parallel arrays that coursed throughout their cytoplasm, whereas in antisense-treated myocytes, the microtubules appeared less three-dimensional as observed by changing focal planes (Fig. 3A,b,g ).
To investigate this phenotype further, we used a panel of well-characterized antibodies that label distinct populations of microtubules. The vast majority of myocytes treated with MURF-2 antisense oligonucleotides exhibited a dramatic disruption of the stable microtubule array; that is, staining for Glu-MTs consistently appeared dimmer compared with the bright, complex patterns of arrays observed in control myocytes (Fig. 3A,c,h ). In striking contrast, Glu-MTs appeared unaffected in all antisense-treated fibroblasts that contaminated the cultures, indicating that the phenotype was not due to general toxic effects from the antisense oligonucleotides (data not shown). To confirm that this phenotype was due specifically to a decrease in MURF-2 levels, we cotransfected chick cardiac myocytes with MURF-2 antisense oligonucleotides and a construct encoding the 60-kDa isoform of human MURF-2-GFP for rescue experiments. The chick MURF-2 antisense sequences were not significantly complementary to the human MURF-2 cDNA sequence (i.e., there were у3 nucelotide differences/16-mer oligo) and did not appear to reduce human GFP-MURF-2 expression. It should be noted that overexpression of MURF-GFP fusion proteins resulted in aggregates of varying size throughout the cytoplasm, probably due to their homo-oligomerization (Spencer et al., 2000; McElhinny et al., 2002) (Fig. 3B,k) . The majority of antisense-treated myocytes expressing human MURF-2-GFP fusion protein contained bright Glu-tubulin staining, mainly in complex radial patterns (Fig. 3B,l) , in contrast to antisense treated myocytes not expressing human MURF-2-GFP on the same coverslips (Fig. 3A,h ). These data indicate that human MURF-2 rescues Glu-MT integrity in cardiac myocytes with reduced levels of endogenous chick MURF-2.
Additionally, we found that the acetylated microtubule arrays (Ac-MTs), which largely overlap with Glu-MTs, also appeared sparser in around 60% MURF-2 antisense-treated myocytes compared to controls, although they did not appear disrupted to the same extent as the Glu-MTs in antisensetreated myocytes (Fig. 3A,d,i ). Therefore, it is possible that the effect on the Ac-MT in the MURF-2 antisense-treated myocytes was secondary to the disruption of the Glu-MTs. Finally, in contrast to the stable microtubule populations, the integrity of the dynamic Tyr-MT appeared unaffected by a decrease in MURF-2 levels in all cardiac myocytes examined (Fig. 3A,e,j) . The loss of Glu-MT and Ac-MT integrity, combined with a lack of disruption observed for the Tyr-MT populations, is likely to be responsible for α-tubulin staining appearing only partially affected by MURF-2 knock-down (Fig. 3A,b,g ). In conclusion, these data indicate that MURF-2 expression is required for the integrity of stable (Glu-MT and Ac-MT), but not dynamic (Tyr-MT), microtubule arrays in cardiac myocytes. Fig. 3 . Stable microtubule populations are specifically disrupted when MURF-2 levels are knocked down in cardiac myocytes. (A) Day 3 cardiac myocytes were treated with control oligos (a-e) or MURF-2 antisense oligos (f-j) and incubated for 48 hours before fixation. MURF-2 staining was detected in control myocytes (a) but was nearly undetectable in antisense-treated myocytes (f). Staining for α-tubulin appeared in a complex, radial web-like array in control myocytes (b), but appeared somewhat sparser in MURF-2 antisense treated cells (g). Strikingly, staining for Glu-tubulin appeared dim in antisense-treated myocytes (h), but bright and filamentous in control cells (c). Staining for Ac-tubulin also appeared dimmer in MURF-2 antisense treated myocytes compared to control cells (d,i). Finally, staining for the dynamic Tyr-MT populations did not appear to differ between control (e) and MURF-2 antisense treated cells (j). (B) Human GFP-MURF-2 expression rescues Glu-MTs in antisense-treated chick myocytes. Chick cardiac myocytes cotransfected with MURF-2 antisense oligos and human GFP-MURF-2 also were stained for Glu-tubulin. Myocytes expressing GFP-hMURF-2 (k), often detected in aggregates in the cytoplasm, contained bright, complex arrays of Glu-MTs (l) compared to antisense-treated myocytes not expressing GFP-h-MURF-2 (Fig. 3A,h ). Bar, 10 µm.
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Proper MURF-2 levels also are required for desmin and vimentin structure in cardiac myocytes As Glu-MTs are required for the localization and maintenance of intermediate filament proteins in fibroblasts (Gyoeva and Gelfand, 1991; Gurland and Gundersen, 1995) , we co-stained myocytes for Glu-tubulin and the intermediate filament proteins, desmin and vimentin, to determine whether these arrays may be linked in muscle. As previously reported, desmin is organized in different patterns in adult and embryonic cardiac myocytes (Nag et al., 1986; Nag and Huffaker, 1998) . In our cultures, desmin was detected as a filamentous network and in ribbon-like strands in many myocytes; in these cells, a portion of desmin staining co-localized with Glu-tubulin staining (Fig. 4A,a,b) . Similarly, Glu-MTs colocalized with a portion of vimentin filaments in cardiac myocytes (Fig.  4A,d ,e). Desmin and vimentin were also detected in many cardiac myocytes in regular, striated patterns at the Z-lines of myofibrils (Fig. 4A,g,h) , and also at cell junctions (data not shown); neither pattern colocalized with Glu-MTs (data not shown). Strikingly, desmin and vimentin staining was diffuse and dim in the majority of cardiac myocytes treated with MURF-2 antisense oligonucleotides (Fig. 4A,c,f) . These data were confirmed by staining chick myocytes with two other independent desmin antibodies (data not shown). Furthermore, the loss of desmin filament integrity was rescued upon cotransfection with the human MURF-2-GFP construct in cardiac myocytes (Fig. 4B,i,j) . Considered together, these data suggest that MURF-2 expression is also required for intermediate filament structure in cardiac myocytes.
Knock-down of MURF-2 in cardiac myocytes also perturbs the M-line region of sarcomeres and affects contractile activity As MURF-2 also localizes to the M-line region (Fig. 2B) , we investigated the effect of MURF-2 knock-down on the integrity of myofibril components. Approximately 80% of MURF-2 antisense-treated myocytes exhibited disrupted staining for Mline components, including the M-line region of titin (using both anti-A168-170 and titin AB5 antibodies; data shown for AB5, Fig. 5A ,l), and myomesin (Fig. 5A,k) , in comparison to control myocytes that displayed regular striations typical for these proteins (Fig. 5A,h,i) . In contrast, the Z-line marker, α-actinin, the Z-line peripheral region of titin (T11), and the thick filament component, myosin, all appeared in regular, striated patterns in myocytes treated with MURF-2 antisense oligonucleotides (Fig. 5A ,e,f,j compared with b,c,g). Thin filaments also appeared in a typical striated pattern in antisense-treated myocytes (data not shown). The disruption of sarcomeric M-line integrity also could be rescued upon cotransfection with human MURF-2-GFP in the majority of cotransfected cardiac myocytes (Fig. 5B,m,n) .
Finally, the contractile activity of the cardiac myocytes was affected with reduced levels of MURF-2. Specifically, ~20% of the cardiac myocytes in the antisense-treated myocytes were observed to beat within 24-48 hours of treatment, compared to more than 60% of control myocytes. The MURF-2 antisensetreated myocytes that did contract appeared to do so faster than the control myocytes within 48 hours of treatment (data not shown). Additionally, it should be noted that knock-down of ,g ), vimentin (e,f,h) and Glu-tubulin (a,d). Desmin and vimentin staining was detected as filaments (b,e; double arrows) that colocalized with a portion of Glu-tubulin staining (a,d; merged insets in b, e; red is Glu-tubulin staining and green is desmin or vimentin), as well as striated at the Z-line regions (g,h) and at cell junctions (data not shown). In MURF-2 antisense treated myocytes, staining for desmin and vimentin was dim and diffuse (c,f). (B) Human GFP-MURF-2 expression rescues desmin staining in antisense-treated chick myocytes. Chick cardiac myocytes co-transfected with MURF-2 antisense oligos and human GFP-MURF-2 also were stained for desmin. Myocytes expressing GFP-hMURF-2 (i) contained bright filamentous desmin staining (j), compared to antisense-treated myocytes not expressing GFP-h-MURF-2 (Fig.  4A,c) . Bar, 10 µm.
MURF-2 was maintained for about 4 days in culture by spiking the cells with lipid and antisense oligonucleotides within 48 hours of the initial treatment (data not shown). It was determined that the disrupted microtubules, intermediate filament proteins, M-lines, and loss of contractile activity (as described above) persisted throughout the entire culture period, yet no disruption of other cytoskeletal components was observed (data not shown). This indicates that MURF-2 is important for microtubule, intermediate filament, M-line structure and contractile activity in cardiac myocytes.
MURF-2 colocalizes with a portion of microtubules and then associates with assembling myofibrils in differentiating chick skeletal myocytes We performed antisense studies in primary cultures of chick skeletal myotubes as a complementary model system to the cardiac myocytes. Myoblasts are derived from skeletal muscle satellite cells, making it feasible to study differentiation and de novo myofibrillogenesis (e.g. Gregorio and Antin, 2000) . In addition, regulated microtubule dynamics are known to be critical for skeletal muscle differentiation, morphology and myofibrillogenesis (Antin et al., 1981; Gundersen et al., 1989; Mangan and Olmsted, 1996) . As in cardiac myocytes, the majority of MURF-2 staining appeared diffuse in the cytoplasm throughout the culture period (Fig. 6a,c,e) . In ~60% of elongating myoblasts and ~40% of early myotubes, a portion of MURF-2 colocalized with α-tubulin staining (Fig. 6a,b) . However, at intermediate and later stages of differentiation, MURF-2 staining was not colocalized with microtubules (data not shown). Specifically, at intermediate stages of myofibrillogenesis, MURF-2 staining was still detected diffusely in the cytoplasm but also at the Mline region in some myofibrils (Fig. 6c,d ). In fact, MURF-2 staining was detected at the M-line region much less frequently in skeletal myotubes compared with cardiac myocytes (<5% of myofibrils in skeletal myotubes compared to 20-30% of myofibrils in cardiac myocytes). Additionally, late in myofibrillogenesis, MURF-2 staining remained diffuse in the cytoplasm and associated along the length of assembling and more mature myofibrils (Fig. 6e,f) .
Knock-down of MURF-2 in chick skeletal myoblasts delays fusion events and myofibrillogenesis We treated skeletal myoblasts with MURF-2 antisense oligonucleotides or control oligonucleotides immediately prior to plating. Myoblasts treated with MURF-2 antisense oligonucleotides were elongated within 24 hours, but did not fuse to the same extent as control myoblasts (Fig. 7a,b) . After 48 hours, the MURF-2 antisense-treated cells began to fuse, but still lagged behind the control myotubes (Fig. 7c,d) . By 72 hours after treatment, the antisense-treated myotubes appeared significantly thinner and less branched than the control myotubes (Fig. 7e,f) . Furthermore, although control myotubes were often twitching at this time, antisense treated myotubes were not observed to twitch until ~96 hours after treatment, when they were morphologically indistinguishable from controls ( Fig. 7g,h ).
To examine this phenotype more thoroughly, we fixed and
Journal of Cell Science 117 (15) Fig. 5 . Knock-down of MURF-2 levels specifically disrupts M-line region components of myofibrils, but not Z-lines or thick filament components. Chick cardiac myocytes were treated with antisense oligonucleotides to MURF-2 or control oligonucleotides, fixed 48 hours later, and stained for various sarcomeric components. Control myocytes exhibited bright staining for MURF-2 and staining for α-actinin, the peripheral Z-line region of titin (T11 epitope), myosin, and the M-line components myomesin and the M-line region of titin (AB5) in regular, striated patterns (a-c, g-i). Myocytes that had knockeddown levels of MURF-2 (d) exhibited staining for α-actinin, titin T11, and myosin in regular, striated patterns (e,f,j). However, in ~80% of the antisense-treated myocytes, staining for the M-line components myomesin and the C-terminal region of titin was strikingly disrupted (k,l). Double arrows point to regular striations and single arrowheads point to disrupted myofibrils. (B) Human GFP-MURF-2 expression rescues myomesin staining in antisense-treated chick myocytes. Chick cardiac myocytes co-transfected with MURF-2 antisense oligos and human GFP-MURF-2 were co-stained for myomesin. Myocytes expressing GFP-hMURF-2 (m) contained regular, striated myomesin staining (n), compared to antisense-treated myocytes not expressing GFP-h-MURF-2 (k). Bar, 10 µm.
stained the cells at various times in culture. Within 24 hours of treatment, MURF-2 staining was dim in the majority of myotubes treated with antisense oligonucleotides, suggesting that MURF-2 levels were significantly lowered; in these myocytes, staining for both α-tubulin and desmin was dim compared to controls (Fig. 8A ,e,f,h). In contrast, staining for both α-actinin and myosin were at comparable intensities with control cells (data not shown). Furthermore, the α-tubulin and desmin staining in the antisense-treated myotubes also was dimmer than in control myocytes observed from earlier stages in culture (data not shown), indicating that the phenotype was not simply due to developmental delay upon MURF-2 knockdown. The antisense-treated myotubes were thin, and staining with DAPI revealed that they contained a mean of only ~6 nuclei/myotube, significantly fewer than control myotubes with ~16 nuclei/myotube (Fig. 8A,c,g; 8B) . Myoblasts cotransfected with both antisense oligonucleotides and the human MURF-2-GFP construct were able to fuse similar to control myoblasts (mean of ~12.5 compared to ~14 nuclei/myotube, respectively), indicating that this phenotype was rescued by exogenous expression of human MURF-2 (Fig. 8C) . Within 48 hours of antisense treatment, the MURF-2 staining in treated myotubes was comparable in intensity to that in control myotubes (Fig. 8A,i,m) , indicating that MURF-2 levels were recovering from the antisense knockdown. Although the antisense-treated myotubes remained thinner and smaller than the controls, α-tubulin staining appeared in regular, parallel array as in the controls, and desmin also appeared bright and normally distributed throughout the myotubes (Fig. 8A,j,l,n,p) . Within 96 hours both populations of myotubes appeared similar in size and morphology (see Fig. 7) . Thus, the antisense-treated myotubes appeared to recover after MURF-2 levels appeared at normal intensities. Unfortunately, differentiated myotubes Fig. 6 . MURF-2 colocalizes with a portion of microtubules and with assembling myofibrils in primary cultures of skeletal myocytes. Myofibrillogenesis in skeletal myogenic cells was analyzed by costaining myotubes for α-actinin (d,f and data not shown). MURF-2 staining was mainly diffuse in the cytoplasm throughout the culture period (a,c,e). In addition, some MURF-2 staining was detected colocalized with α-tubulin staining early in culture (a,b; merged inset in b; red is MURF-2 staining and green is tubulin; double arrows point to colocalization). Later during myofibrillogenesis, MURF-2 staining was detected at the M-line region, although in relatively few myofibrils (c,d; merged image in d; MURF-2 staining in red, α-actinin staining is green; double arrows point to myofibrils). In mature myotubes, MURF-2 staining also could be detected along the length of some myofibrils (e,f; double arrowheads). Bar, 10 µm. Fig. 7 . Treatment of skeletal myoblasts with MURF-2 antisense oligonucleotides delays fusion events. Primary cultures of chick myoblasts were treated with control or MURF-2 antisense oligonucleotides and observed by phase microscopy at different stages of differentiation. Within 24 hours of treatment, control myoblasts were elongating, aligning, and beginning to fuse (a, arrows). In contrast, myoblasts treated with MURF-2 antisense oligonucleotides were elongated, but were not fusing (b, arrows). Within 48 hours of treatment, control myotubes were fusing extensively, although MURF-2 antisense-treated cells appeared only to be beginning to fuse (c,d, arrows) . Control myotubes were thick and branched within 72 hours of treatment (e, arrow) and were often twitching, although antisense-treated myotubes appeared thinner, much less branched (f, arrow), and were not observed to twitch. Within 96 hours of treatment, control and antisense-treated myotubes appeared indistinguishable by light microscopy (g,h, arrows), and both populations of myotubes were observed to twitch.
are very difficult to transfect (reviewed in Antolik et al., 2003) , and as a result we were unable to knock-down MURF-2 levels at later stages of differentiation, nor maintain the initial knock-down.
Finally, we also determined whether myofibrillogenesis was affected in the MURF-2 antisense-treated myotubes. Within 48 hours, the antisense-treated myotubes contained the sarcomeric components α-actinin, myosin, and the C-terminal region of titin in filamentous and diffuse patterns (Fig. 9d-f ), yet the thick, branched control myotubes were assembling these components into striated patterns (Fig. 9a-c) . Within 72-96 hours, both control and MURF-2 antisense-treated myotubes contained all sarcomeric components examined in normal striated patterns ( Fig. 9g-l ; data shown for 72 hours). These studies indicate that knock-down of MURF-2 levels during the myoblast stage delayed myofibrillogenesis, but these events occurred after MURF-2 staining appeared at normal intensities (see Fig. 8 ). In conclusion, MURF-2 is involved in fusion events, the integrity of microtubules and desmin, proper contractile activity and myofibrillogenesis. Discussion MURF-2 has been the least-characterized member of the muscle RING finger protein family: three structurally related molecules quickly emerging as key players in striated muscle functions. We designed these studies to decipher the physiological roles of MURF-2, the only family member that is developmentally down-regulated. We found that MURF-2 has multiple roles in cardiac and skeletal myocytes. Consequently, important questions now arise concerning its properties and mechanisms of action.
Journal of Cell Science 117 (15) Fig. 8 . Knock-down of MURF-2 levels in chick skeletal myoblasts perturbs α-tubulin and desmin staining and significantly inhibits fusion. (A) Skeletal myoblasts were treated with antisense or control oligonucleotides and fixed at 24 or 48 hours. The cells were stained with antibodies to α-tubulin (b,f,j,n) and with DAPI (c,g,k,o) to quantify the number of nuclei/myotube as a measure of fusion. Within 24 hours of treatment, thick control myotubes contained diffuse MURF-2 staining, bright filamentous microtubules parallel to the longitudinal axis, and bright, diffuse desmin staining (a,b,d) . Control myotubes also had a mean of ~16 nuclei (c,B) (note: the myotube in c also had nuclei outside the field of view). In contrast, antisensetreated myotubes were strikingly thin, had low levels of MURF-2 staining (e), low α-tubulin and desmin staining (f,h) and significantly fewer nuclei (g,B) . Within 48 hours of treatment, MURF-2 levels were comparable in antisensetreated myotubes (m) and control myotubes (i), and α-tubulin staining in both populations of myotubes appeared in bright filaments (j,n). Desmin staining appeared bright and diffuse in both populations of myotubes (l,p). However, the MURF-2 antisense treated myotubes remained thinner and qualitatively contained fewer nuclei/myotube compared to controls (k,o) . Note that the large number of overlapping nuclei/myotube could not be quantified accurately at 48 hours in control myotubes. Bar, 10 µm. (C) Human GFP-MURF-2 expression rescues fusion events in antisense-treated chick skeletal myotubes. Chick skeletal myoblasts were co-transfected with MURF-2 antisense oligos and human GFP-MURF-2, fixed 24 hours after treatment, and stained with DAPI to quantify the number of nuclei per myotube. Myotubes expressing GFP-hMURF-2 (n=15 from two different cultures) contained similar numbers of nuclei/myotube compared to myotubes treated with control oligonucleotides; both populations contained significantly greater numbers of nuclei/myotube compared with antisensetreated myotubes not expressing human MURF-2-GFP.
MURF-2 and microtubules
First, our studies reveal that MURF-2 expression is specifically required for the integrity of stable Glu-MTs and Ac-MTs, but not the dynamic Tyr-MTs. These data are particularly intriguing given that MURF-2 colocalizes with only a portion of cardiac microtubules and appears to be only transiently associated with skeletal myocyte Glu-MTs early in differentiation (see also Pizon et al., 2002) : therefore, it does not appear to be an integral microtubule component. We speculate that MURF-2 may interact with microtubules via hetero-oligomerization with MURF-3, a protein that associates with Glu-MTs throughout development (Centner et al., 2001; Spencer et al., 2000) . Perhaps MURF-2 plays an accessory role in microtubule stabilization, whereas MURF-3 acts as the primary stabilizer. In this regard, the molecular mechanisms responsible for regulating Glu-MT stability have remained elusive. Previous studies determined that detyrosination alone is insufficient for microtubule stabilization (Khawaja et al., 1988; Webster et al., 1990) , and that Glu-MTs are bound at the plus ends by unidentified ATP-sensitive capping complexes (Infante et al., 2000) . The molecular identities of microtubule associated proteins (MAPs) specific for stabilization of Glu-MT filaments are unknown and therefore it is an exciting possibility that MURF-2 and MURF-3 fulfill this role in muscle. This idea is particularly intriguing given that stable microtubule arrays are required for normal muscle development and function (e.g. Gundersen et al., 1989 ).
Alternatively, MURF-2 and/or MURF-3 may collaborate with other molecules: for instance, the muscle-specific MAP4 is required for skeletal muscle morphology and myofibrillogenesis (Mangan and Olmsted, 1996) . Further studies, including analyses of MURF-2 and MURF-3 null models will provide insight into these complex issues.
It also is important to note that the Ac-MT arrays were disrupted in cardiac myocytes upon loss of MURF-2. Relatively little is known of the Ac-MT population, although their levels are known to increase after the Glu-MT network has been established and myoblasts have fused (Gundersen et al., 1989) . Furthermore, acetylation and detyrosination occur in distinct, but overlapping, microtubule populations (Schulze et al., 1987; Bulinski et al., 1988; Chang et al., 2002) . Whether MURF-2 levels affect entire stable arrays of muscle microtubules (which are probably comprised of several distinct, post-translationally modified populations in addition to Glu-and Ac-MTs) remains to be determined. In contrast, myotubes treated with MURF-2 antisense oligonucleotides were thin and exhibited no myofibril components in striated patterns (d,e,f). Within 72 hours of treatment, both control and MURF-2 antisense treated myotubes contained α-actinin, the Mline region of titin, and myosin in regular, striated patterns (g-l, double arrows), although the antisense-treated myotubes still appeared thinner than controls (j-l). Bar,10 µm. Gundersen, 1998; Kreitzer et al., 1999) . Our data suggest that Glu-MTs serve a similar function in striated muscle; that is, disruption of Glu-MTs upon knock-down of MURF-2 may have secondarily disrupted vimentin and desmin structure. This mechanism does not account, however, for desmin and vimentin localized in striated patterns and at cell junctions, which do not colocalize with Glu-MTs. Insight into these caveats requires further biochemical and functional studies focussed on muscle intermediate filaments and microtubule populations. Additionally, studies are needed to determine whether MURF-2 mediates the interaction between desmin, vimentin and Glu-MTs, as well as whether other intermediate filament proteins expressed in striated muscle also are affected upon MURF-2 knock-down.
MURF-2 and intermediate filaments
MURF-2, the sarcomeric M-line region, and myofibrillogenesis Knock-down of MURF-2 in cardiac myocytes dramatically disrupted staining for myofibrillar M-line components, including myomesin and the C-terminal region of titin. Strikingly, however, the integrity of the N-terminal region of titin appeared unaffected, indicating that the giant molecule was specifically disrupted at the M-line region. Furthermore, the Z-line marker α-actinin, the thick filaments, and the thin filaments were undisrupted by a loss of MURF-2. Several mechanisms responsible for this phenomenon are possible. First, MURF-2 may directly associate with titin to regulate Mline assembly during myofibrillogenesis (Pizon et al., 2002) . Another possible model is that MURF-2 hetero-oligomerizes with MURF-1 to aid in M-line assembly events. This model is supported by observations that MURF-1 and MURF-2 heterooligomerize in vitro, and GFP-MURF-1 and MURF-2 colocalize at the M-line region of titin in transfected cardiac myocytes (A. S. McElhinny, S. Labeit, and C. C Gregorio, unpublished data). Perhaps the stoichiometry of MURF-1 and MURF-2 oligomers governs events at the M-line during its assembly and/or turnover during muscle development. Later in development when MURF-2 is down-regulated, MURF-1 may be recruited as the primary molecule to regulate titin M-line structure in response to stress and/or atrophy signals (for example, involving GMEB-1 activation). It is tempting to speculate that these events involve regulation via the kinase domain of titin (Centner et al., 2001) .
It also should be noted that several groups hypothesize that microtubules serve as dynamic scaffolds for assembling myofibrils (Antin et al., 1981; Toyama et al., 1982) . Our data reveal that disruption of stable microtubules in embryonic cardiac myocytes upon MURF-2 knock-down specifically disrupts M-line integrity in myofibrils. Therefore, it appears that microtubules have links to the sarcomeric M-line region, probably via MURF-2 and the titin kinase region.
Finally, our investigations into the function of MURF-2 during de novo myofibrillogenesis in skeletal myocytes revealed that its proper expression is essential for myoblast fusion events. Thus, it appears that both MURF-2 and MURF-3 are required for muscle differentiation (this study) (Spencer et al., 2000) , although their mechanisms of action remain unclear. Since both MURFs appear to associate with Glu-MTs, the population of microtubules established around the time of fusion and required for fusion events (Gundersen et al., 1989; Chang et al., 2002) , we favor a model in which MURF-2 stabilizes Glu-MTs early in skeletal muscle differentiation to permit fusion and subsequent myofibrillogenesis to occur. However, we cannot rule out the possibility that MURF-2 is a necessary component of pathways involved in differentiation events that occur upstream of the establishment and/or rearrangement of cytoskeletal arrays in muscle development. Whether MURF-2 plays signaling roles in myocytes, either as a primary function and/or in addition to structural functions, remains an exciting question for the future.
MURF-2, contractile activity, and disease Intriguingly, the beating rate of neonatal cardiomyocytes is regulated by the stable microtubule subset (Webster and Patrick, 2000) , and treatment of cardiac myocytes with nocodazole increases contractile activity (Rothen-Rutishauser et al., 1998) . Therefore, microtubules appear to function as negative regulators of muscle contraction (Webster, 2000) . In agreement with this idea, cardiac hypertrophy and failure correlate with increases in Glu-tubulin and MAP4 levels (Sato et al., 1997; Belmadani et al., 2002; Takahashi et al., 2003) . It is an exciting possibility, then, that mis-regulation of MURF-2 (and MURF-3) levels also could contribute to human contractile dysfunction. Consistent with this idea, we found that MURF-2 knock-down affected normal contractile activity in both skeletal and cardiac myocytes: in many myocytes, contractile activity was not observed, although in some myocytes the beating rate was increased.
In conclusion, it is becoming apparent that the MURF family members play important roles in the development and maintenance of striated muscle. Intriguingly, MURF-2 appears to be the only MURF family member with links to intermediate filaments, microtubules, and the M-line region of the sarcomere. In this regard, we propose that MURF-2 acts as a molecule shuttle to link these cytoskeletal arrays during muscle development, and that at least some of its functions may be regulated by titin-based signaling events. However, it is also possible that MURF-2 may affect the expression or activity of other, unidentified molecules important for proper cytoskeletal interactions and function in muscle, or it may also be an integral player in differentiation pathways critical for the establishment of proper cytoskeletal arrays. The multiple roles of MURF-2 in normal muscle differentiation as proposed here merit further investigation.
